In the analysis of this model these investigators demonstrated that when right atria1 pressure, Pra, is maintained at atmospheric pressure, neither the ratio of the mean systemic pressure to venous return (Ps/@ nor the ratio of systemic blood volume to venous return (V/Q) is as simply defined, as would be the case with a one-compartment model (8, 9 ). In the one-compartment model, Ps/a is equal to the resistance to venous return; V/Q is equal to the time constant of venous drainage.
In the two-compartment model, Ps/Q = (Fl71 + Farb)/C, where Fl and F, are the fractions of cardiac output distributed to the compartments with long (71) and short (rr) time constants, respectively, and C is the total systemic compliance.
Similarly, V/Q = FL71 + Fe78 . Thus these ratios are not only influenced by venous factors, but also by the arterial factors which determine the distribution of cardiac output. Since the fundamental relationships Ps/Q and V/Q d e ermined t in the same experimental animal were unavailable in the literature, I decided to determine them in dogs.
A right heart bypass preparation was used to allow for the direct recording of venous return (a. The volume-flow (V-Q) relationship was determined by altering the blood volume of the animal.
At each volume level, the pressureflow (Ps-si) relationship was determined by estimating Ps by a new technique described herein. This new method is equivalent to the technique of Guyton (9) yet has the advantage that the heart does not need to be fibrillated (see METHODS and DISCUSSION sections).
From the very onset of these experiments, I was struck by two unexpected observations. First, both the Ps-Q and V-Q relationships were nonlinear.
Second, under certain conditions later identified as light anesthesia, the Ps-Q and V-Q relationships were shifted to the right along the Ps and V abscissas, respec$vely. I eventually concluded that the shifts in the Ps-Q and V-Q relationships were due to a changing effective downstream pressure in the hepatic system, possibly due to hepatic sphincters (U), and that the nonlinearity could be due to a red of different .i stribu tion of blood flow between compartments time consta .nts as the animal was presented with a volume load. These results, therefore, support the model of Caldini et al. and suggest a way in which it may need slight modification.
METHODS
The data reported in this paper came from two groups of mongrel dogs (17-26.5 kg). Group I animals were anesthetized with sodium pentobarbital (30 mg/kg body wt) and maintained with 3 mg/kg intravenous injections as needed. Group II animals were anesthetized with Surital (18 mg/kg), and maintained on a mixture of oxygen, nitrous oxide, and methoxyflurane (0.5-l .O % inspiratory concentration leaving the vaporizer)
given through a constant-volume tor. Except for the difference in anesthesia, both groups of dogs were treated identically.
A tracheotomy was performed and the dog ventilated at an appropriate tidal volume and frequency for its size. A ventral thoracotomy was then performed and sodium heparin (3 mg/kg body wt) was administered.
The right atrium was cannulated through the atria1 appendage with a widebore Tygon tube. Blood returning to the heart, Q, was withdrawn from the right atrium through the Tygon cannula and passed in succession through a Starling resistor (Penrose tube), a roller pump, and an electromagnetic flowmeter, returning to the circu lation directly into the pulmonary artery via a stainless steel cannula placed in the pulmonary artery through the right ventricular outflow tract (Fig. 1) . This amounts to about 6 % of the total blood volume for a 20-kg dog.
Once the animal had been placed on the bypass, the experiment was not begun until the preparation appeared stable. This was determined by the constancy of Pa, Q, and Pra for a period of at least 10 min. Pressure-flow (Ps-Q) and volume-flow (V-Q) relationships were then determined in both groups of animals by adding 1000 to 200-ml increments of blood volume to the animal, waiting for new steady-state conditions, and then recording the above parameters. After the initial pressure, flow, and volume relationships were obtained in five of the group I dogs and four of the grou.. 11 dogs, the circulation from the lower body was excluded from the preparation by abruptly occluding the descending thoracic aorta and the inferior vena cava above the diaphragm, volume slowly left the upper half of the body, and pooled in the isolated abdominal regions. This was suggested by the continual slow rise in abdominal aortic pressure after the thoracic aorta and inferior vena cava was occluded.
There was, therefore, no way of determining the exact accumulated volume added to the upper half of the body, yet Ps measurements could be made before significant volume was lost. For this reason only Ps-Q, and not V-Q, relationships were reported for the upper half of the body. In five of the group II dogs after the initial Ps-Q and V-Q relationships were determined, the new beta-adrenergic blocking agent, practolol
was administered to evaluate its effect on the systemic circulation.
A dose of 1 mg/kg was given intravenously over a period of 2 to 3 min. A period of 20 min was then allowed for the practolol to take effect. After this period, Ps-Q and V-Q relationships were again determined. In several of the group II animals portal venous pressure was measured by passing a small catheter into the portal vein via the gastrosplenic vein. Abdominal vena cava pressure was also measured by passing a catheter through the femoral vein into the abdominal vena cava. Zero reference for all pressures was taken as the level of the right atrium.
The mean systemic pressure (Ps) was estimated by stopping the pump and allowing Pra to rise to a plateau. The plateau value of Pra was used as an estimate of Ps. To determine if there was any significant difference between the plateau method and the method of Guyton (9), both techniques were used in four animals to determine Ps. In adapting the Guyton method to the right heart bypass preparation, the heart was not fibrillated but rather the ascending aorta was clamped at the moment the extracorporeal pump was stopped.
Immediately thereafter blood was rapidly pumped from aorta to vena cava. In all four dogs the Ps estimated by both methods were identical. Figure 2 shows records obtained with each technique. The plateau value before the secondary reflex rise (see below) was identical with both techniques.
Rapid transfer of volume from arteries to veins simply accelerated the rise in right atria1 prsssure to the plateau value. In Fig. 3 The volume axis is p!otted as volume added to the animal, whereas Ps and Q are plotted as absolute values. The dots represent measured data points and the lines are the relationships predicted by regression equati0ns.l Ps-Q and V-Q relationships are nonlinear, with the 1 Justification for the regression procedures: I) P-Q relationships (before lower body occlusion, LBO). The P-Q data were first regressed to a 1 O eq. When extrapolated to Ps = 0, Q = 0.5 liter/min (average curve), which is physiologically impossible. The data were then regressed to a 2" eq and to a lo eq forced through the origin (21). concavity toward the Ps and V axes, respectively, and can be accurately predicted by second-order regression equations (Table  1) . Pressure--ow relationship.
The intercept on the pressure axis for the Ps-Q relationship represents the back pressure to perfusion for the peripheral venous system. On the average the back pressure predicted by the regression equations for the group I Ps-Q relationships was 0.9 rnrnHg (Table  l) , which was not statistically different from zero. Since Pra was maintained constant at atmospheric pressure, this confirms that Pra was the effective back pressure to perfusion. The importance of this observation will become evident after the results are presented for the group II animals.
The effect of lower body occlusion (LBO) on the Ps-Q relationships may be seen in Fig. 6A . The upper curve is typical of the Ps-Q relationships obtained for animals with intact venous systems and is the same animal described in Fig. 5A (12, Table  1 ). The lower curve represents the Ps-Q relationship of the upper part of the body and is markedly different.
The slope of this Ps-acurve is much reduced, and is adequately predicted by a linear regression equation (Table 2 ). The P s intercept, as with the preocclusion rela-
The Y (21) for the 2" eq was significantly higher than that of the lo eq forced through the origin (P.< 0.01) for 10 of the 12 experiment!, thus the 2" eq was selected.
2) P-Qrelationships (after LBO). The P-Qdata after LB0 were regressed to both 1 o and 2" eq. As there was no significant difference between the I of these equations and the nonlinear terms of the 2" eq were small, the P-Q data after LB0 were regressed to 1 o eq. 3) V-Q relationships.
The V-Q data were regressed to 1 o and 2" eq. As the r for the 2" eq were consistently higher than those of the lo eq, a 2" eq of Q to V was deemed appropriate. experiment to reduce Ps, and therefore Q, to zero. On the average, 14.3 ml/kg would have to be removed to reduce Q to zero (Table  1) . This relationship is altered with the group 2 dogs. V-Q relationships obtained in animals where flow was reduced to very low levels. In establishing the regression equation for these relationships, these low points were excluded. a m In general, the Ps-Q and V-Q relationships are nonlinear, with the concavity toward the Ps and V axis, respectively, and can be accurately predicted by second-order regression equations (Table 1 ). The nonlinearity of both the Ps-Q and V-Q relationships from group II animals were similar in magnitude to the nonlinearity obtained in these relationships from group I animals. The principal distinction, therefore, between group I and group II dogs lies in the Ps and V intercepts.
Pressure-Jlow relationship. Whereas the average Ps intercept obtained with sodium pentobarbital anesthesia (group I dogs) was not significantly different from Pra, the average Ps intercept obtained with methoxyflurane-nitrous oxide anesthesia was significantly higher (2.7 mmHg) than Pra (P < 0.001) as determined by the t test for paired variants (Table  1 ). This suggests that in the group II animals there was an effective back pressure other than Pra. When practolol was administered to group II animals, the effect was augmented (Table  1) suggesting a further increase in an effective back pressure other than right atrial.
As with the group I animals, the Ps-Q relationships after LB0 were linear (Table  2 ). There was no evidence of an effective back pressure other than Pra, the Ps intercept not being statistically different from zero. This suggests that in the absence of LBO, the increased effective back pressure was somewhere below the diaphragm: that Q can be identified as coming from at least two compartments, one influenced by an increased effective back pressure other than Pra and another whose back pressure is Pra; and that at very low flows, Q from the compartment influenced by the increased effective back pressure either becomes insignificant or ceases. In Fig. 6B the solid circles are the Ps-Q data points obtained before LBO, and thus represent Q returning to the heart from all vascular beds. At flows in excess of approximately 0.4 liter/min, the Ps-Q relationship is nonlinear and when extrapolated to Q = 0, yields an effective back pressure of 4 mmHg.
At flows less than 0.4 liter/min, the Ps-Q data points appear linear and deviate markedly to the origin. After LB0 the Ps-Q relationship is also linear and extrapolates when Q = 0 to Pra. Since the Ps-Q data points obtained at flows <0.4 liter/min before LB0 (solid circles) fall essentially on the Ps-Q curve obtained after LBO, it would appear that these flows come principally from a vascular compartment identical with that obtained after LBO, i.e., one whose back pressure was Pra. At flows >0.4 liter/ min, flow comes from both compartments.
At higher values of Ps, a larger fraction of venous return comes from the compartment influenced by the effective back pressure. This accounts for the nonlinearity (see DISCUSSION) .
As the Ps-Q data points obtained from very low flows appeared to come exclusively from a compartment uninfluenced by the effective back pressure, these points were excluded from the nonlinear regression used to estimate the value of the effective back pressure. Since the data points used in the second degree regression come from both compartments, the effective back pressure obtained by extrapolating these relationships to Q = 0 represents a mean effective back pressure and thus probably underestimates the effective back pressure of the vascular bed in which the value is increased. Additional evidence for an effective back pressure, other than Pra, is presented by the experiment illustrated in Fig.  7 (Fig. 5C ). As Pra was raised above zero, there was no change in Q until a critical Pra of approximately 1.5 mmHg was obtained (Fig. 7B) . This amounts to approximately 40 70 of Ps. A further rise of Pra resulted in a fall in Q. With the anesthetic plane kept constant, practolol was then given to the animal. This resulted in an immediate drop in Q approximately 30 70. Volume was then added to the animal to bring Q back to the prepractolol level (Fig.  7C) , a rise in Pra did not result in a drop in Q until Pra was raised approximately 3 mmHg, which was 60 70 of the initial Ps value (Fig. 79 . Although Fig. 7 presents the results obtained in but one animal, similar critical right atria1 pressures could be obtained in all dogs where the Ps-Q and V-Q curves were shifted to the right. This suggests by a method entirely different from the Ps-Q relationships that under conditions of light methoxyflurane-nitrous oxide anesthesia, with and without practolol, that an effective back pressure other than Pra occurs in the systemic venous system of the dog.
The natural question arises "where is the site of the effective back pressure ?" In the dog the interlobular veins of the liver unite with each other to form the hepatic vein, which empties into the inferior vena cava. Arey (1) has shown that in the dog there are spiral and circular muscle fibers in the walls of the central and interlobular veins. Miller et al. (16) states that the sphincter action produced by these muscle fibers restricts venous drainage. It is at least theoretically possible that this "hepatic sphincter" could function to produce an effective back pressure for the splanchnic bed. To test this idea, pressures were measured in the portal vein and the inferior vena cava in several animals. Figure 8 is an example from one of these experiments.
For simplicity, vena cava pressure is not shown because it closely reflected right atria1 pressure. Under conditions of light methoxyflurane anesthesia (Fig. 8A) , Q fell and portal venous pressure rose when Pra was raised only slightly above zero. After practolol was administered to the animal (Fig. 8B) , portal venous pressure rose and Q fell. This time Pra had to be raised to nearly 5 mmHg (P'ra) before portal venous pressure rose significantly.
These experiments suggest that it is not only theoretically possible, but entirely probable, that the hepatic sphincter could be the site of the effective back pressure.
Volume--ow relationship. move less volume at the beginning of the experiment to to reduce Q to zero. In the group ZZ animals that is exactly what was found. Whereas with the group Z animals (no splanchnic back pressure, therefore no trapping) 14.3 ml/kg (Table  1) had to be removed, on the average, to reduce Q to zero, only 8.9 ml/kg, on the average, had to be removed from the group ZZ animals (Table 1 ). This represents a total of 108 ml trapped in the splanchnic bed for an average 20 kg dog. When practolol was given to the group ZZ animals, the effect was markedly augmented in that flow was reduced to zero at a volume 6.0 ml/kg greater than that obtained in the average animal at the start of the experiment (Table  1 ). This represents a total volume trapped in an average ZO-kg group ZZ dog, under the influence of practolol, of 406 ml.
DISCUSSION
The existence of an effective back pressure other than Pra within the systemic venous system becomes explicable in terms of the Starling resistor concept. Knowlton and Starling (13), in their heart-lung preparation, employed a thinwalled collapsible tube traversing a chamber in which the pressure surrounding the tube could be set at any desired level as a means of controlling "peripheral resistance." Such a device has become known as a Starling resistor. Although the Starling resistor has been widely used in physiological laboratories since the time of Starling, it was not until 1941 that quantitative studies concerning the pressure-flow relationships through such tubes were reported and the physiological significance of these relationships recognized. Halt (1 l), studying flow through collapsible tubes, found that lowering the outflow pressure did not significantly change flow when the outflow preessure was less than the pressure surrounding the collapsible segment of the tube. Reasoning from this model, he concluded that the collapse of veins as they entered the chest accounted for the fact that atria1 pressure may change independently of a change in peripheral venous pressure.
In a theoretical discussion of energy and hydraulic gradients along systemic veins based on a model
Under conditions of a vascular waterfall, an increase in the vascular tone would, at constant inflow pressure, decrease flow in proportion to the increase in the equivalent surrounding pressure; shift the pressure-flow and volumeflow curves to the right along the pressure and volume axis, respectively;
and result in no change in flow as the outflow pressure is raised until the outflow pressure is raised sufficiently to equal or exceed the equivalent surrounding pressure. Each of these responses was demonstrated for the group ZZ animals (Figs. 5, 7, and 8) .
The effective back pressure in the venous system is essentially a venous closing pressure in a manner analogous to the arterial closing pressures described by Burton (4 As the closing pressure is sensitive to both anesthetic and vasoactive agents (see discussion below), the vascular smooth muscle of the hepatic sphincter would be the most likely cause of the effective back pressure.
The fact that there was no evidence of an effective back pressure in the systemic venous system under conditions of heavy (30 mg/kg) d so ium pentobarbital anesthesia (group I animals), whereas with light (25 mg/kg) sodium pentobarbital anesthesia (17) and with light methoxyflurane anesthesia (group II animals) a significant back pressure was manifest, suggests that the site of the effective back pressure is easily influenced by the level of anesthesia.
There are several possible mechanisms for the decreasing slope of the Ps-Q and V-Q relationships as the animal was present with a volume load. These include energy losses due to turbulence, or convective acceleration of blood as it returned to the heart, an actual increase in the venous resistance, or a redistribution of blood flow. Since it is doubtful that in the venous system turbulence or velocities large enough to produce a significant convective acceleration effect can develop, these mechanisms must be excluded. Similarly, an increase in the actual resistance must be doubted as a possible mechanism because of insufficient evidence to support this notion.
Intuitively one would expect that increasing the blood volume would increase the transmural pressure of all vessels, thereby enlarging them and decreasing their resistance. The work of Guyton and associates (10) actually supports this.
Caldini et al. (5) have shown that under steady-state conditions when Pra is zero, Ps/Q = (F~Q + F&C, where Fl and F, are the fractions of cardiac output distributed to the compartments with long and short time constants, respectively, and C is the total systemic compliance.
In a similar manner, V/Q = Fl~l + Fs7s . Caldini et al. measured a long time constant (71) Accordingly, we can have confidence in the conclusions drawn from this study (i.e., the redistribution of blood flow and the hepatic waterfall) because these conclusions were drawn independently from the V-Q relationships. The Ps-Q relationships can therefore be considered confirmatory in nature, as was the direct demonstration of a hepatic waterfall.
The phenomena described in this paper suggest a sensitive method whereby the systemic venous system may modulate cardiac output. Any factor which increases the effective back pressure would shift the V-Q curve of the systemic venous system to the right along the volume axis, trap volume in the splanchnic bed, and reduce cardiac output. Any factor which decreases the effective back pressure would act in the opposite direction, i.e., shift the V-a curve to the left, release the trapped volume, and increase cardiac output. These factors could be chemical, 
